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Abstract. We present the LTE abundance analysis of high resolution spectra for red giant stars in the peculiar 
bulge globular cluster NGC 6388. Spectra of seven members were taken using the UVES spectrograph at the 
ESO VLT2 and the multiobject FLAMES facility. We exclude any intrinsic metallicity spread in this cluster: on 
average, [Fe/H]= —0.44 ± 0.01 ± 0.03 dex on the scale of the present series of papers, where the first error bar 
refers to individual star-to-star errors and the second is systematic, relative to the cluster. Elements involved in 
H-burning at high temperatures show large spreads, exceeding the estimated errors in the analysis. In particular, 
the pairs Na and O, Al and Mg are anticorrelated and Na and Al are correlated among the giants in NGC 6388, 
the typical pattern observed in all galactic globular clusters studied so far. Stars in NGC 6388 shows an excess of 
q— process elements, similar to the one found in the twin bulge cluster NGC 6441. Mn is found underabundant 
in NGC 6388, in agreement with the average abundance ratio shown by clusters of any metallicity. Abundances 
of neutron-capture elements are homogeneously distributed within NGC 6388; the [Eu/Fe] ratio stands above the 
value found in field stars of similar metallicity. 

Key words. Stars: abundances - Stars: atmospheres - Stars: Population II - Galaxy: globular clusters - Galaxy: 
globular clusters: individual: NGC 6388 



1. Introduction 

NGC 6388 (C1732-447) is one of the 10 more massive 
objects in the whole globular cluster (GC) system of 
our Galaxy. Located in the bulge like its cluster twin 
NGC 6441, NGC 6388 is a luminous object (My = -9.42 
according to the updated on-line version of the Harris 1996 
catalog) at about 3 kpc from the Galactic center, at 10 kpc 
from the Sun and at slightly more than 1 kpc from the 
Galactic plane. Unfortunately, nothing is known about its 
orbit, due to the lack of any proper motion informations, 
or about its age. 
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Until about 10 years ago, this cluster was con- 
sidered nothing more than another moderately metal- 
rich ([Fe/H]= —0.60 ± 0.11 dex, Armandroff and Zinn 
1988, from integrated light spectroscopy) bulge cluster. 
However, the discovery by Rich et al. (1997) of an ex- 
tended blue horizontal-branch (HB) in NGC 6388 (as well 
as in NGC 6441) renewed interest and raised many ques- 
tions about this pair of clusters. In case of (likely) old, 
metal-rich GCs we would expect from stellar evolution 
theory that HB stars were concentrated only to the red 
of the instability strip. NGC 6388 (and NGC 6441) are 
living proofs of something unusual, at variance with "well 
behaved" clusters such as 47 Tuc and the near-solar metal- 
licity Galactic open clusters, with their red HBs (clumps). 

Besides the red HB clump, these two GCs show a con- 
spicuous, well developed blue HB as well as a substan- 
tial population of RR Lyrae variables (Pritzl et al. 2002, 
Corwin et al. 2006); hence they qualify as the most metal 
rich globular cluster able to host Pop II variable stars (RR 
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Lyraes as well as Pop II Cepheids). It is clear that the HB 
morphology and its variation with metallicity in this pair 
of clusters has no counterpart among the other Galactic 
GCs. 

NGC 6388 (together with NGC 6441) is the most 
metal-rich example of the second-parameter effect at work 
in modeling the HB morphology (the first parameter be- 
ing the metal abundance). Moreover, it seems that what- 
ever the effect (s) is (are), the consequences are visible 
within the same cluster. This phenomenon is not un- 
known, the most notable example being NGC 2808, with 
its famous bimodal distribution of stars into a red HB 
clump and a blue HB extending down to faint magni- 
tudes (e.g. Momany et al. 2003). However, important dif- 
ferences do exist: (i) NGC 2808 has a lower metallicity 
([Fe/H]= —1.14, Carretta 2006), however, only a scarce 
population of variable stars has been found (Corwin et al. 
2004); instead, both NGC 6388 and NGC 6441 host a rel- 
evant number of stars within the instability strip (Pritzl 
et al. 2001, 2002); (ii) the blue HB in NGC 2808 is nor- 
mal, beginning at the same level of magnitude of the red- 
der part; on the other hand, both bulge clusters have a 
blue HB sloped upward going blue ward in the V, B — V 
color-magnitude diagram (Raimondo et al. 2002) . In other 
words, the top of the blue HB tail is about 0.5 mag brighter 
in V than the red HB clump; this tilt is not due to the 
differential reddening affecting NGC 6388 (see discussion 
in Raimondo et al. 2002) and it is present in all the pho- 
tometric pass bands (Busso et al. 2004). Moreover, this 
is consistent with RR Lyraes in these extreme second- 
parameter clusters having abnormally long periods for 
their high metallicities, in fact even longer than in more 
metal-poor, typical Oosterhoff II GCs. 

One of the most favored explanations for these pe- 
culiarities involves He enrichment in dense environments. 
Very blue, extended HBs may be a consequence of distinct 
stellar populations characterized by distinct He abun- 
dances, as suggested by D'Antona and Caloi (2004, and 
references therein). Also scenarios involving cither a clus- 
ter high primordial He abundance or an He enhancement 
due to deep mixing have been proposed (see Sweigart 
and Catelan 1998). However, the latter solutions appear 
to be ruled out, and recent spectroscopic analyses of hot 
HB stars in NGC 6388 support the He pollution scenario 
(Moehler and Sweigart 2006a, b). 

Therefore, NGC 6388 was well entitled to be consid- 
ered (together with NGC 6441) in our present project 
aimed to study in details the possible link between chemi- 
cal anomalies and global parameters (in particular the HB 
morphology). In this effort, we used the FLAMES multi- 
object facility (Pasquini et al. 2002) to obtain extensive 
spectroscopic surveys of about 100 stars on the red giant 
branch (RGB) in about 20 GCs. The observed spectra are 
used to derive abundances of Na and O, the best known 
elements involved in the high temperature H-burning re- 
actions. In turn, the well known anticorrelation between 
Na and O abundances in RGB stars (see Gratton et al. 
2004 for an extensive review on this subject) should be in 



some way linked to the existence of a He-rich population. 
In fact, the observed Na enhancements and O depletions 
(the typical signature of matter processed in intermediate- 
mass AGB stars and ejected in the early cluster environ- 
ment) are expected to be accompanied by alterations in 
the He content. Thus, the evolving stars formed out of 
polluted gas should end up onto the bluest part of the 
HB, during the phase of their He-core burning since they 
evolve faster on the main sequence. All other factors (in- 
cluding the mass loss rate along the RGB) being equal, 
they will start their HB phase at hotter temperature, be- 
ing less massive than other normal stars at the end of the 
main sequence (see D'Antona and Caloi 2004 and refer- 
ences therein). 

In the framework of the present project we have 
already examined the massive and peculiar cluster 
NGC 2808 (Carretta et al. 2006a; Paper I), the more "nor- 
mal" , intermediate-metallicity, blue HB cluster NGC 6752 
(Carretta et al. 2006b, hereafter Paper II), the other 
anomalous bulge cluster NGC 6441 (Gratton et al. 2006, 
2007 Paper III and Paper V) and NGC 6218 (Carretta et 
al. 2006c, Paper IV). 

The Na-0 anticorrelation in NGC 6388, based on 
the detailed analysis of the GIRAFFE data will be pre- 
sented in a forthcoming paper, while we concentrate here 
on the analysis of the higher resolution UVES spec- 
tra. Deciphering the detailed chemical composition of 
NGC 6388 is of paramount importance, because of the 
peculiar features of this cluster (and of its associate 
NGC 6441): 

(a) these clusters are among the best examples available 
to us of old, metal-rich populations, hence a key in- 
gredient in the interpretation and synthesis of distant 
elliptical galaxies; 

(b) the presence of an important population of hot HB 
stars, presently under detailed investigations (Moehler 
et al. 1999, Moehler and Sweigart 2006b), is considered 
the major contributor to the UV- upturn phenomenon 
(see Yi et al. 1998 and references therein); 

(c) deriving the precise metal abundance of these clusters 
is a key task in establishing the universality of the My 
vs [Fe/H] relation (or, more dramatically, its violation) 
for RR Lyraes, one of the best Population II standard 
candles (Sandage 2006); 

(d) photometric evidences already show that a large metal- 
licity spread is not consistent with the CMD features 
in both these clusters (Raimondo et al. 2002); pre- 
vious spectroscopic analyses in NGC 6441 (high res- 
olution spectra of giants, Paper III; low resolution 
spectroscopy of RR Lyraes, Clementini et al. 2006) 
and in NGC 6388 (high-resolution spectra of hot HB 
stars, Moehler and Sweigart 2006a) also show no evi- 
dence for any deviation in metallicity from the cluster. 
Nevertheless, it is necessary to assess with homoge- 
neous analysis if a real metallicity spread can be firmly 
excluded also in NGC 6388; 
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(c) finally, both NGC 6388 and NGC 6441 have the highest 
predicted escape velocity at cluster center among 153 
resolved star clusters in the Milky Way, the Magellanic 
Clouds and the Fornax dSph galaxy (McLaughlin and 
Van der Marel 2006), more than 3cr away of the aver- 
age velocity of the other Galactic GCs, including the 
most massive ones. This implies that they are very 
tightly bound (as they must, having survived almost 
an Hubble time likely very close to the bulge of the 
Galaxy). In turn, we could have the chance of ob- 
serving a clear signature of the predicted (e.g. Cayrel 
1986) and long searched for, self-enrichment: perhaps 
these GCs were able to efficiently retain at least part of 
the metal-enriched ejecta of core-collapse Supernovae. 
However, we must note that a deep search for neutral 
hydrogen emission at 21 cm (Lynch et al. 1989), only 
resulted in an upper limit of Mm = 3.8M . 

Thus, as done with the companion cluster NGC 6441 
(Paper III), we used the high resolution spectra provided 
by the fiber-fed UVES spectrograph, exploiting the large 
spectral coverage to derive the detailed chemical compo- 
sition of NGC 6388. 

The present paper is organized as follows: an outline of 
the observations and target selection is given in Sect. 2; the 
analysis, including the derivation of the atmospheric pa- 
rameters and metallicities, is described in Sect. 3, whereas 
in Sect. 4 we discuss the error budget of our abundance 
analysis. Abundances of various elements are presented in 
Sect. 5; finally, Sect. 6 provides a summary of the study. 

2. Target selection, observations and membership 

Our data were collected in Service mode with the 
ESO high resolution multifiber spectrograph FLAMES 
(Pasquini et al. 2002) mounted on VLT. The UVES Red 
Arm provided a wavelength coverage from 4800 to 6800 A 
with a resolution R~ 40, 000. The observations required 
to reach the necessary S/N were done over a period of 
several nights. 

We used two fiber configurations in order to maximize 
the number of possible targets observed with the dedicated 
fibers feeding the UVES spectrograph. In the first config- 
uration (8 exposures), seven stars were observed, with one 
fiber pointing to the sky; in the second set (10 exposures), 
we observed six stars, with two fibers dedicated to the sky. 
In Table [1] we list all the relevant informations. 

The target selection followed the same criteria of the 
previous GCs; we chose stars near the RGB ridge line 
and isolated^- No previous studies about membership (ei- 
ther based on spectroscopy or on proper motions) were 
available. Moreover, the constraints imposed by mechani- 
cal limitations in the Oz-Poz fiber positioner for FLAMES 

1 All stars were chosen to be free from any companion 
brighter than V + 2 mag within a 2.5 arcsec radius, or brighter 
than V — 2 mag within 10 arcsec, where V is the target mag- 
nitude. 



Table 1. Log of the observations for NGC 6388. Date and 
time are UT, exposure times are in seconds. For both fiber 

configurations the field center is at RA(2000)=17:35:59, 
Dec(2000)=-44:42:32 

Fiber Date UTj, e9irlnin9 exptime airmass 
config. 

1 2004-05-04 04:19:33 4000 L36 

1 2004-05-04 05:29:35 4200 1.17 

1 2004-05-04 06:50:30 4000 1.07 

1 2004-05-11 08:51:04 4000 1.15 

1 2004-05-11 08:02:24 2700 1.09 

1 2004-05-12 05:12:58 4500 1.14 

1 2004-06-28 04:38:20 4000 1.08 

1 2004-07-11 00:43:11 4000 1.21 

2 2004-07-21 00:21:10 4200 1.07 
2 2004-07-21 02:33:15 4000 1.09 
2 2004-07-21 03:42:17 4000 1.11 
2 2004-07-25 00:28:49 4000 1.13 
2 2004-07-25 01:40:20 4200 1.17 
2 2004-07-25 03:23:53 4000 1.11 
2 2004-07-25 04:32:19 4000 1.36 
2 2004-07-26 00:14:10 4000 1.15 
2 2004-07-26 01:23:07 4000 1.08 
2 2004-07-26 02:41:49 2700 1.08 



and the size on the sky of this rather concentrated clus- 
ter forced us to observe stars at some distance from the 
center, increasing the risk to include field interlopers. 

Another problem in the selection is due to the differ- 
ential reddening affecting NGC 6388, which spreads the 
width of the RGB. The combination of technical limita- 
tions in the fiber positioning, spread of sequences and lim- 
ited number of bright stars made difficult to restrict the 
observed sample only to objects very close to the RGB 
ridge line. Stars observed with UVES are indicated by 
large circles in Figure [lj whereas in Table [2] all targets 
are listed. Star designations, optical magnitudes and co- 
ordinates (J2000 equinox) are from Momany et al. (2003); 
heliocentric radial velocities are those derived from our 
spectra (see below). 

Photometry and astrometry We used high quality BVI 
photometry obtained with the Wide Field Imager at the 
2.2 m ESO/MPI telescope in La Silla (ESO Programme 
69.D-0582). The optical camera WFI is a mosaic of eight 
CCD chips, each with a field of view of ~8' x 16', for a total 
field of view of ^34'x33'. The cluster center was roughly 
centered on chip #7, and the images were taken through 
the B, V and I c broad band filters with typical exposure 
times of 120 sec, 90 sec and 50 sec, respectively. The aver- 
age seeing was good and stable (full width half maximum 
l'/O <FWHM< l'/3). 

The photometric reduction and calibration methods 
are well-tested and have been presented in Momany et 
al. (2002). In particular, NGC 6388 belongs to the 69.D- 
0582 observing run from which wide field photometry for 
other globular clusters have been published (Momany et 
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al. 2003). In the following we provide a description of the 
photometric and astrometric calibration. Stellar photom- 
etry was performed using the standard DAOPHOT II and 
ALLFRAME programs (Stetson 1994). In crowded fields 
such as that surrounding NGC 6388, these programs pro- 
vide high quality stellar photometry by point spread func- 
tion (PSF) fitting. The single PSFs were constructed for 
each image after a careful selection of isolated and well- 
distributed stars across each chip. 

The instrumental PSF magnitudes of NGC 6388 were 
normalized to 1 s exposure and zero airmass; they were 
further corrected for the aperture correction, necessary to 
convert the instrumental PSF magnitudes of NGC 6388 
to the scale of the standard star measurements (based 
on aperture photometry, see below). The instrumental 
NGC 6388 magnitudes are therefore: 

m = m apcrt . + 2.5 \og{t exp ) - k x X (1) 

where TO apor t. = mpsF— apert. correction, X is the airmass 
of the reference image for each filter, and the adopted 
mean extinction coefficients for La Silla are: k.b — 0.23, 
Ky = 0.16 and kj = 0.07. 

The aperture corrections were estimated on isolated 
bright stars, evenly distributed across the chip. For these 
we obtained aperture photometry after subtracting any 
nearby companions within 5 FWHMs. The aperture mag- 
nitudes measured in circular apertures of radius 6 arc- 
second (close to the photoelectric aperture employed by 
Landolt 1992) were then compared to the PSF magni- 
tudes, and the difference is assumed to be the aperture 
correction to apply to the PSF magnitudes. 

Separately, aperture magnitudes of standard stars 
from 3 Landolt (1992) fields were measured in circular 
apertures of 6 arcsecond in radius. These aperture mag- 
nitudes were normalized to their corresponding airmasses 
and exposure times, and compared with those tabulated in 
Landolt (1992). A least square fitting procedure provided 
the calibration relations. 

The r.m.s. scatter of the residuals of the fit (0.011, 
0.009 and 0.011) are assumed to represent our calibration 
uncertainties in B, V and / respectively. 

The total zero-point uncertainties, including the aper- 
ture corrections and calibration errors, are 0.015, 0.013, 
and 0.016 mag in B, V and / respectively. The PSF pho- 
tometry of NGC 6388 (normalized and corrected for aper- 
ture correction) was then calibrated using the relations: 

B = b + 0.287(B - V) + 24.590 (2) 

V = v — 0.078(B -V) + 24.194 (3) 

V = v - 0.077(V - /) + 24.199 (4) 
J = i' + 0.097(V - J) + 23.142 (5) 

The USNO CCD Astrograph all-sky (UCAC2) Catalog 
(Zacharias et al. 2004) was used to search for astrometric 
standards in the entire WFI image field of view. Several 
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Fig. 1. Dereddened V,B — V color-magnitude diagram for 
NGC 6388 in a 5.'0 selection box around the cluster's cen- 
ter. WFI photometry is from Momany et al. (2003); only 
stars with absolute SHARP values < 0.8 are plotted. Stars 
observed with UVES and members of NGC 6388 accord- 
ing to their RVs are indicated by (red) filled circles; open 
circles indicates non member stars observed with UVES. 

hundred astrometric UCAC2 reference stars were found 
in each chip, allowing an accurate absolute positioning of 
the sources. An astrometric solution has been obtained for 
each of the eight WFI chips independently, by using suit- 
able catalog matching and cross-correlation IRAFjj tools. 
At the end of the entire procedure, the rms residuals are 
<0'/2 both in right ascension and declination. 

Preparation of spectra and membership The spectra were 
reduced to 1-d, wavelength calibrated files by the 
ESO Service mode personnel using the UVES-FLAMES 
pipeline (uves/2.1.1 version). 

We measured radial velocities (RVs) for each individ- 
ual spectrum using about 80 atomic lines with the IRAF 
package Rvidlines. The resulting heliocentric RVs are 
shown in Table [2j the associated errors are typically a 
few hundreds of m/s. 

The spectra were then shifted to zero radial velocity 
and co-added for each star. Final S/N values of the com- 
bined exposures range from 40 to 80 per pixel and were 
estimated in the spectral region near 5000 A. 

At variance with the case of NGC 6441 (Paper III), 
the determination of membership for stars in NGC 6388 

2 IRAF is distributed by the National Optical Astronomical 
Observatory, which are operated by the Association of 
Universities for Research in Astronomy, under contract with 
the National Science Foundation 



E. Carretta et al.: Chemical composition of NGC 6388 



5 



Table 2. List and relevant informations for the target stars observed in NGC 6388 with UVES. ID, B,V I magnitudes 
and coordinates (J2000) are those presented in this paper; J, K magnitudes are from the 2MASS catalog; the RVs 
(in km s _1 ) are heliocentric. Members of NGC 6388 are indicated by M in Notes, whereas stars non members based 
on the RVs are indicated by NM. The number in col. 2 indicates the fiber configuration. 



Star conf. RA Dec V B I J K RV,hel. Notes 



77599 


1 


17 


35 


53.602 


-44 


48 


15 


84 


15 


653 


17.424 


13 


805 


12 


496 


11.415 


+76.09 


M 


78569 


1 


17 


35 


24.770 


-44 


47 


18 


58 


15 


328 


17.085 


13 


438 


12 


188 


11.153 


-91.30 


NM 


82375 


1 


17 


35 


21.046 


-44 


43 


41 


58 


15 


522 


17.305 


13 


595 


12 


324 


11.291 


-12.07 


NM 


83168 
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17 


35 


53.715 


-44 


42 


56 


02 


15 


793 


17.562 


13 


948 


12 


581 


11.541 


+79.26 


M 


85915 


2 


17 


35 


49.560 


-44 


39 


59 


65 


15 


618 


17.506 


13 


355 


11 


875 


10.650 


-44.61 


NM 


86759 


2 


17 


35 


28.083 


-44 


39 


04 


95 


15 


629 


17.587 


12 


972 


11 


356 


10.090 


-143.82 


NM 


101131 


1 


17 


36 


02.227 


-44 


44 


32 


75 


15 


379 


17.257 


13 


322 


11 


877 


10.608 


+74.30 


M 


108176 


2 


17 


36 


12.797 


-44 


41 


50 


60 


15 


254 


17.160 


12 


975 


11 


472 


10.223 


+79.28 


M 


108895 


1 


17 


36 


15.184 


-44 


41 


27 


20 


15 


596 


17.435 


13 


527 


12 


062 


10.918 


+80.19 


M 
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17 


36 


28.549 


-44 


40 


09 


49 


15 


520 


17.328 


13 


518 


12 


185 


10.962 


+82.68 


M 
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17 
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-44 


40 


04 
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10.971 
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Fig. 2. Distribution of heliocentric RVs of all stars ob- 
served with UVES (shaded area) in the present study as 
well as with GIRAFFE in Carretta et al. (2006d). 



was relatively straightforward. This cluster has an average 
radial velocity of +81.2+1.2 km s _1 (Harris 1996), and it 
lies in a region of the Galactic bulge where the bulk of 
contaminating field stars have (according to our extensive 
spectroscopic observations) a negative radial velocity. 

In Figure [2] we show the heliocentric RV distribution 
of all the stars observed with UVES (shaded area) in the 
present study and with GIRAFFE, to investigate on the 
Na-0 anticorrelation in NGC 6388 (Carretta et al. 2006d, 
in preparation). Stars in NGC 6388 stand out as a very 
neatly defined peak, whereas field stars are recognizable as 
a broad distribution peaked at about -50 km s , there- 



fore, we could easily discriminate the true cluster mem- 
bers. The membership of our program stars with UVES 
spectra is indicated in Table we observed five cluster 
stars in the first fiber configuration and only two in the 
second configuration. The non member stars were disre- 
garded from further analysis. The average heliocentric RV 
derived from the final sample of seven stars in NGC 6388 
is +79.1+1.1 (rms=3.0) km s _1 , in good agreement with 
the tabulated value of Harris (1996). 

3. Atmospheric parameters, analysis and 
metallicity 

3.1. Atmospheric parameters 

Temperatures and gravities were derived following the 
tested procedure adopted in previous papers of this series. 
We started obtaining T c ff's and bolometric corrections 
B.C. for our seven stars in NGC 6388 from V — K colors; 
these were the combination of our V magnitudes and the 
K magnitudes from the 2MASS Point Source Catalogue 
(Skrutskie et al. 2006), transformed to the TCS photomet- 
ric system, as used in Alonso et al. (1999). We employed 
the relations by Alonso et al. (1999, with the erratum of 
2001). We adopted for NGC 6388 a distance modulus of 
(m - M)y=16.14, a reddening of E{B - V) = 0.37, an 
input metallicity of [Fe/H]= —0.60 (Harris 1996), and the 
relations E(V - K) = 2.75E(B - V), A v = 3.1E(B - V), 
and A K = 0.353^(5 - V) (Cardelli et al. 1989). 

However, our finally adopted T c ff 's were derived using a 
calibration between T c ff from dereddened V—K colors and 
K magnitudes based on 33 cluster star members (Carretta 
et al. 2006d). As discussed in Paper II and Paper V, this 
procedure was adopted in order to decrease the scatter 
in abundances due to uncertainties in temperatures, since 
magnitudes are much more reliably measured than colors. 
The choice of K magnitudes is particularly well suited for 
GCs where a significant differential reddening is present 
(cfr. Paper III and IV). 
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Surface gravities log <?'s were obtained from the appar- 
ent magnitudes, the above effective temperatures and dis- 
tance modulus, and the B.C's from Alonso et al. (f999), 
assuming masses of 0.90 M Q and Mb o i,0 = 4.75 as the 
bolometric magnitude for the Sun. Along with the de- 
rived atmospheric parameters (model metal abundance 
and microturbulent velocities) and iron abundances, they 
are shown in Table [H 

3.2. Equivalent widths and iron abundances 

Line lists, atomic parameters and reference solar abun- 
dances are from Gratton et al. (2003). We used the 
same procedure of previous papers, described in details 
in Bragaglia et al. (2001), to measure equivalent widths 
(EWs) with the ROSA code (Gratton 1988; see Table El 
only available in electronic form). 

Final metallicities are obtained with standard line 
analysis from measured EWs and interpolating within 
the Kurucz (1993) grid of model atmospheres (with the 
option for overshooting on) the model with the proper 
atmospheric parameters whose abundance matches that 
derived from Fe I lines. 

Microturbulence velocities v t were derived by elimi- 
nating trends between abundances from neutral Fe lines 
and expected line strength (see Magain 1984); with this 
approach we avoid introducing spurious (positive) trends 
due to systematic errors associated to the measure of ob- 
served EWs. 

Average abundances of iron for NGC 6388 are 
[Fe/H]i=-0.44 (rms=0.04 dex) and [Fe/H]n=-0.37 
(rms=0.09 dex) from 7 stars. This difference (on average 
0.07 dex with an rms=0.10 dex) is scarcely significant, and 
the good agreement between abundances from neutral and 
singly ionized Fe lines indicates a self-consistent analysis. 

There is no significant trend of iron abundance as a 
function of the temperatures, as shown in Figured! where 
we display the [Fe/H] ratios for stars observed with UVES 
in NGC 6388 and, as a comparison, in NGC 6441 (Paper 
III). 

The (small) scatter of the metallicity distribution is 
discussed below. 



Fig. 3. Run of [Fe/H] ratios as a function of tempera- 
tures for program stars in NGC 6388 (filled circles) . As a 
comparison, stars observed with UVES in NGC 6441 from 
Gratton et al. (2006) are also shown (filled triangles). 



each time only one of the parameters for the star 108895, 
assumed as representative of our program stars; the results 
are listed in Tabled] In this Table, the first row shows the 
amount of the variations in the parameters, the second 
and third rows list the estimated star-to-star (internal) 
and systematic errors (that apply to the whole cluster) in 
each parameters. The resulting sensitivities of abundances 
to variations in each parameter are shown below, Columns 
from 3 to 6; in Column 2 we report the average (over all 
the stars analyzed) number of lines used for each element. 

The next step is to derive realistic estimates of internal 
and systematic errors in the atmospheric parameters and 
in measured EWs. 



4. Errors in the atmospheric parameters and 
cosmic scatter in Iron 

Following the tested procedure of previous papers, dis- 
cussed in detail in Paper V on the twin-cluster NGC 6441, 
similarly affected by problems of differential reddening, we 
estimated individual (i.e. star-to-star) errors in the derived 
abundances by considering the three main error sources, 
i.e. errors in temperatures, in microturbulent velocities 
and in the measurements of EWs (the effects of errors 
in surface gravities and in the adopted model metallicity 
are negligible on the total error budget). 

We started by evaluating the sensitivity of the derived 
abundances on the adopted atmospheric parameters. This 
was obtained by re-iterating the analysis while varying 



Internal errors In the following we will concentrate on the 
major error sources quoted above. 

Errors in temperatures. We adopted an internal error of 
0.03 mag in K magnitudes (from the mean photometric 
uncertainties displayed on the 2MASS web site) and errors 
due to the variable interstellar reddening across the clus- 
ter. According to Pritzl et al. (2002) the rms associated to 
E(B — V) is about 0.03 mag, leading to a contribution of 
0.012 mag on K, since Ak ~ 0AE(B — V). In summary, 
the errors in K should not exceed 0.032 mag. When com- 
bined with the slope of the adopted relation between T e g 
and K magnitude of about 192 K/mag, the internal error 
in T e ff is estimated to be about 6 K. 
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El. 


A 


E.P. 


log gf 


77599 


83168 


101131 


108176 


108895 


110677 


111408 










EW 


EW 


EW 


EW 


EW 


EW 


EW 




(A) 


(eV) 




(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


O i 


6300.31 


0.00 


-9.75 


31.6 


36.9 


30.8 


50.4 


35.9 


58.2 


56.0 


O i 


6363.79 


0.02 


-10.25 


16.3 


20.4 


12.2 


29.0 


14.5 


27.6 


34.1 


Na I 


5682.65 


2.10 


-0.67 


192.4 


185.1 


211.0 


189.7 


191.3 


0.0 


190.6 


Na I 


5688.22 


2.10 


-0.37 


188.0 


179.4 


204.7 


0.0 


184.4 


175.9 


192.2 


Na I 


6154.23 


2.10 


-1.57 


145.0 


125.0 


146.0 


128.7 


113.0 


108.0 


139.1 


Na I 


6160.75 


2.10 


-1.26 


163.0 


136.0 


154.2 


138.0 


133.2 


125.0 


145.8 


Mg I 


5528.42 


4.34 


-0.52 


249.8 


238.6 


249.0 


250.1 


256.3 


243.5 


247.7 


Mg I 


5711.09 


4.34 


-1.73 


139.4 


146.4 


0.0 


139.2 


0.0 


0.0 


0.0 



Table 4. Adopted atmospheric parameters and derived iron abundances in stars of NGC 6388 from UVES spectra; 
nr indicates the number of lines used in the analysis. 



Star 


T e ff 


log g 


[A/H] 


Vt 


nr 


[Fe/H]i 


rms 


nr 


[Fe/Hll 


rms 




(K) 


(dex) 


(dex) 


(km s" 1 ) 




(dex) 






(dex) 




77599 


4018 


1.37 


-0.40 


1.66 


79 


-0.41 


0.16 


6 


-0.36 


0.15 


83168 


4046 


1.42 


-0.41 


1.75 


97 


-0.42 


0.16 


9 


-0.43 


0.15 


101131 


3856 


1.02 


-0.46 


1.68 


89 


-0.45 


0.17 


8 


-0.53 


0.26 


108176 


3793 


0.85 


-0.52 


1.50 


79 


-0.51 


0.18 


7 


-0.28 


0.13 


108895 


3913 


1.15 


-0.45 


1.65 


100 


-0.46 


0.17 


10 


-0.33 


0.18 


110677 


3922 


1.17 


-0.42 


1.57 


90 


-0.41 


0.18 


9 


-0.29 


0.15 


111408 


3841 


0.98 


-0.43 


1.57 


91 


-0.42 


0.19 


7 


-0.36 


0.07 



Errors in microturbulent velocities. We repeated the analy- 
sis for star 101131 by changing v t until the ler valued from 
the original slope of the relation between line strengths 
and abundances was reached; the corresponding internal 
error in microturbulent velocities is 0.07 km s _1 . 

Errors in measurement of equivalent widths. In order to es- 
timate this contribution, we assumed that the average rms 
scatter (0.170 dex) in Fe I abundance for our stars is the 
typical error in abundance derived from an individual line. 
When divided by the square root of the typical average 
number of measured lines (89), this provides a typical in- 
ternal error of 0.018 dex as the contribution to the error 
due to uncertainties in EW measurement for individual 
lines. 

Once the internal errors are combined with sensitivities 
of TableEJ the derived individual star errors for Fe amount 
to 0.001 dex and 0.034 dex due to the quoted uncertainties 
in T e ff and v t . 

Adding in quadrature the contribution due to errors in 
EWs we may evaluate the expected scatter in [Fe/H] due 
to the most relevant uncertainties in the analysis. We de- 
rive <7Fei(exp.)=0.038 ± 0.014 dex (statistical error). The 
inclusion of contributions due to uncertainties in surface 
gravity or model metallicity (that results in the values 



3 This value was derived as the quadratic mean of the 1 a 
errors in the slope of the relation between abundance and ex- 
pected line strength for all stars. 



reported in Table Column 8) does not alter our conclu- 
sions. 

Total internal and systematic errors are reported in 
Table [5] in Cols. 8 and 9 respectively for iron and the 
other elements analyzed. They are obtained by summing 
quadratically the contributions of the individual sources of 
errors, scaled according to the proper estimates of the real 
amount of errors in NGC 638EQ We neglected the effects 
of covariances between the error sources; these effects arc 
expected to be very small for our program stars. 

On the other hand, the observed star-to-star scatter 
in NGC 6388 is virtually the same of the estimated in- 
ternal error; we have (TFei(obs. )=0. 038 ± 0.014 (statistical 
error), obtained as the rms scatter of abundances from Fe 
I lines. The conclusion from our dataset of high resolution 
spectra is that the observed star-to-star rms scatter in Fe 
abundances in NGC 6388 is no more than 9%, it is fully 
compatible with the major error sources entering in the 
abundance analysis, suggesting to exclude any intrinsic 
metallicity spread in this cluster. We will return on this 
issue with the analysis of the GIRAFFE/FLAMES data 
(Carretta et al. 2006, in preparation). 

Systematic errors They are not relevant within a single 
cluster, but could be used when comparing different GCs, 
as in the present project. 



4 For the systematic errors, the contribution due to EWs and 
v t (quantities derived from our own analysis) were weighted 
by dividing by the square root of number of stars observed in 
NGC 6388 
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Table 5. Sensitivities of abundance ratios to variations in the atmospheric parameters and to errors in the equivalent 
widths, and errors in abundances for individual stars in NGC 6388 observed with UVES 



Element 


Average 


T e ff 


logs 


[A/H] 


Vt 


EWs 


Total 


Total 




n. lines 


(K) 


(dex) 


(dex) 


kms~ 


(dex) 


Internal 


Systematic 


Variation 




50 


0.20 


0.10 


0.10 








Internal 




6 


0.04 


0.00 


0.07 


0.170 






Systematic 




57 


0.06 


0.01 


0.03 


0.170 






[Fe/H]l 


89 


-0.009 


+0.039 


+0.027 


-0.049 


+0.018 


0.040 


0.028 


[Fe/H]ii 


8 


-0.101 


+0.122 


+0.044 


-0.036 


+0.060 


0.071 


0.135 


[O/Feji 


2 


+0.025 


+0.042 


+0.013 


+0.046 


+0.120 


0.125 


0.125 


[Na/Fe]i 


4 


+0.054 


-0.065 


-0.019 


+0.011 


+0.085 


0.087 


0.107 


[Mg/Fe]i 


3 


-0.002 


-0.031 


-0.005 


+0.032 


+0.098 


0.101 


0.099 


[Al/Fe]i 


2 


+0.043 


-0.036 


-0.024 


+0.008 


+0.120 


0.121 


0.130 


[Si/Fe]i 


5 


-0.046 


+0.023 


-0.003 


+0.031 


+0.076 


0.079 


0.093 


[Ca/Fe]i 


14 


+0.063 


-0.070 


-0.015 


-0.012 


+0.045 


0.049 


0.088 


[Sc/Fe]n 


6 


-0.008 


+0.045 


+0.008 


-0.007 


+0.069 


0.070 


0.071 


[Ti/Fe]i 


16 


+0.089 


-0.042 


-0.010 


-0.036 


+0.043 


0.051 


0.111 


[Ti/Fejn 


5 


-0.021 


+0.044 


+0.008 


-0.001 


+0.076 


0.077 


0.081 


[V/Fe]l 


9 


+0.092 


-0.044 


-0.004 


-0.021 


+0.057 


0.062 


0.120 


[Cr/Fe]l 


14 


+0.057 


-0.041 


-0.015 


-0.001 


+0.045 


0.047 


0.080 


[Mn/Fe]i 


2 


+0.037 


-0.039 


+0.001 


+0.022 


+0.120 


0.122 


0.128 


[Co/Fe]i 


4 


-0.005 


+0.013 


-0.005 


+0.002 


+0.085 


0.085 


0.085 


[Ni/Fe]i 


27 


-0.010 


+0.017 


+0.000 


+0.004 


+0.033 


0.022 


0.035 


[Y/Fe]i 


2 


+0.104 


-0.025 


-0.019 


+0.016 


+0.120 


0.121 


0.169 


[Zr/Fe]i 


6 


+0.088 


-0.011 


-0.013 


-0.001 


+0.069 


0.070 


0.122 


[Zr/Fe]ii 


1 


+0.079 


-0.034 


-0.006 


+0.027 


+0.170 


0.171 


0.193 


[Ba/Fe]ii 


2 


+0.017 


+0.022 


+0.015 


-0.045 


+0.120 


0.124 


0.123 


[La/Fe]n 


3 


+0.116 


-0.038 


-0.007 


-0.008 


+0.098 


0.100 


0.165 


[Ce/Fe]ii 


1 


+0.107 


-0.044 


-0.007 


+0.017 


+0.170 


0.171 


0.210 


[Eu/Fe]n 


2 


+0.095 


-0.040 


-0.007 


+0.010 


+0.120 


0.121 


0.162 



Briefly, errors in the adopted reddening translate 
into systematic errors in derived temperatures, since we 
adopted a relation between temperatures and magnitude 
K, based on turn on T e R from dereddened V — K , through 
the calibrations by Alonso et al. When combined with the 
slope ~ 670 K/mag of the T e g vs V — K relation, the 
adopted error of about 0.03 mag in E(B — V) results into 
a systematic uncertainty of ±55 K for the cluster, increas- 
ing to ±57 K if we add in quadrature another contribution 
of 0.02 mag error in the zero point of the V — K color. 

Errors in surface gravity might be obtained by propa- 
gating uncertainties in distance modulus (about 0.1 mag), 
stellar mass (a conservative 10%) and the above error of 
57 K in effective temperature. The quadratic sum results 
into a 0.062 dex of error in logg. The systematic error 
relative to the microturbulent velocity Vt, a quantity de- 
rived from our own analysis, was divided by the square 
root of the number of the observed stars, and is estimated 
in 0.026 km/s. 

By using again sensitivities in Table [5j these contribu- 
tions of systematic errors in T e g , log g and vt can be trans- 
lated in errors in the metallicity. Adding in quadrature the 
statistical error of individual abundance determinations, 
0.014 dex, we end up with a total systematic error of 0.025 
dex. 

Hence, we conclude that on the scale we are defining 
throughout this series of papers, the metal abundance of 



NGC 6388 is [Fe/H]= -0.44±0.014±0.025 dex, where the 
first error bar refers to the individual star-to-star errors 
and the second one is relative to the cluster (or systematic) 
error. 

A note about scale errors Scale errors are difficult to be 
estimated properly, and they are certainly much larger 
than the individual (internal) star and cluster (system- 
atic) errors mentioned above. There are various reasons 
for significant scale errors, including systematic measure- 
ment errors (e.g. inappropriate location of the reference 
continuum level, or line fitting), in the abundance anal- 
ysis (damping parameters), uncertainties in the adopted 
temperature scale (the Alonso et al. scale), in the model- 
ing of the stellar atmospheres (we are using 1-d Kurucz 
models, which neglect e.g. horizontal inhomogencitics in 
stellar atmospheres and cooling of the outer layers due to 
adiabatic expansion), and possible non-LTE effects in the 
formation of Fe lines. All these errors are likely to be quite 
similar in all stars considered in this series of paper, pos- 
sibly with some trends with luminosity, temperature or 
metal abundance. We think that a full estimate of these 
uncertainties is not needed here, insofar we refer our metal 
abundances to our own scale. However, when transform- 
ing our [Fe/H] values in absolute abundances, as those e.g. 
required for modeling of stellar evolution, the possibility 
of significant errors should be kept in mind. 
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We will examine this issue in more detail when data 
from the whole sample of clusters will have been analyzed. 

5. Other elements 

Abundances for other elements measured in NGC 6388 
are listed in Table [6] to Table [Til For each element in indi- 
vidual stars we give the number of lines used, the average 
abundance and the rms scatter of individual values. In 
Table [T^] we give the average abundances for the cluster, 
as well as the rms scatter of individual values around the 
mean value (columns 2 and 3). In columns 4 and 5 of this 
Table we report the analogous values derived in Paper III 
for the twin cluster NGC 6441 from high resolution UVES- 
FLAMES spectra. In the other columns of this Table we 
list as a comparison the abundance ratios for two other 
bulge clusters studied by our group (NGC 6528, Carretta 
et al. 2001; NGC 6553, Cohen et al. 1999), as well as for the 
metal-rich cluster Ter 7 considered part of the Sgr dwarf 
galaxy (Sbordone et al. 2005, Tautvaisiene et al. 2004). 
Whenever possible (e.g. for NGC 6528, NGC 6553 and 
the analysis by Sbordone et al.) element ratios have been 
recomputed by using the set of solar reference abundances 
used in the present work (see Gratton et al. 2003). 

5.1. The proton-capture elements 

In Tabled we summarize the abundances for the elements 
involved in proton-capture reactions at high temperature 
(see Gratton et al. 2004 for a review) in NGC 6388. 

Abundances of O, Na, Mg and Al rest on measured 
EWs. The derived Na abundances were corrected for ef- 
fects of departures from the LTE assumption using the 
prescriptions by Gratton et al. (1999). 

Oxygen abundances are obtained from the forbidden 
[O i] lines at 6300.3 and 6363.8 A; the former was cleaned 
from telluric contamination by H2O and O2 lines using a 
synthetic template (see Paper I for more details). Neither 
CO formation nor the high excitation Ni 1 line at 6300.34 A 
are a source of concern: as discussed in Paper III, the cor- 
rections due to neglecting CO formation in these stars and 
to the (small) contribution of the blending Ni 1 line are of 
the order of about 0.05 dex and they roughly compensate 
with each other, being of opposite signs. 

From Table [12] we note that the rms scatter of the 
average abundance is generally in good agreement with 
those estimated by the error analysis in Sect. 4, apart 
from cases where the observed scatter is large due to the 
small number of available lines. However, the observed 
scatter for proton-capture elements is clearly exceeding 
the predicted observational errors, apart from the case of 
Mg, indicating that an intrinsic scatter is present in these 
abundance ratios. 

The [Na/Fe] ratio as a function of [O/Fe] ratio is dis- 
played in the upper panel of Figure 2] for the seven stars 
observed with UVES in NGC 6388 (filled circles) and, as 
a comparison, for the five stars in NGC 6441 from simi- 
lar data (Paper III, empty triangles). The overall random 
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[Mg/Fe] 
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Fig. 4. Upper panel: [Na/Fe] ratios as a function of [O/Fe] 
for red giant stars in NGC 6388 from the present study 
(filled circles) and in NGC 6441 from Paper III (empty 
triangles). Middle panel: [Al/Fe] ratios as a function of 
[Mg/Fe] ratios; symbols have the same meaning. Lower 
panel: [Al/Fe] ratios as a function of [Na/Fe] ratios; sym- 
bols are as in previous panels. The random error bars take 
into account the uncertainties in atmospheric parameters 
and EWs. 



error in O and Na as due to the contribution of errors in 
the adopted atmospheric parameters and measurements 
of EWs in the present paper is also shown. 

The curve in Figure 2] (from Fig. 5 of Carretta et al. 
2006a) represents the typical pattern of the Na-0 anticor- 
relation in globular clusters, as defined on NGC 2808 and 
found generally appropriate for GCs from a collection of 
about 400 stars in almost 20 GCs. Although the sample 
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Table 6. Abundances of proton-capture elements in stars of NGC 6388; n is the number of lines used in the analysis. 



Star 


n 


[O/Fe] 
(dex) 


rms 


n 


[Na/Fe] 
(dex) 


rms 


n 


[Mg/Fc] 
(dex) 


rms 


n 


[Al/Fe] 
(dex) 


rms 


77599 


2 


-0.33 


0.14 


4 


+0.71 


0.25 


2 


+0.16 


0.02 


2 


+0.98 


0.12 


83168 


2 


-0.20 


0.16 


4 


+0.49 


0.18 


3 


+0.16 


0.08 


2 


+0.74 


0.02 


101131 


2 


-0.58 


0.05 


4 


+0.76 


0.17 


3 


+0.18 


0.01 


2 


+0.87 


0.24 


108176 


2 


-0.26 


0.14 


3 


+0.72 


0.12 


3 


+0.34 


0.04 


2 


+0.55 


0.15 


108895 


2 


-0.42 


0.05 


4 


+0.50 


0.16 


3 


+0.19 


0.05 


2 


+0.68 


0.14 


110677 


2 


-0.12 


0.06 


3 


+0.34 


0.09 


2 


+0.18 


0.03 


2 


+0.23 


0.01 


111408 


2 


-0.17 


0.16 


4 


+0.66 


0.16 


2 


+0.24 


0.06 


2 


+0.77 


0.12 



based on high-resolution UVES spectra is limited, we may 
conclude that stars in NGC 6388 participate to the classi- 
cal Na-0 anticorrelation, as already found also for giants 
in the twin cluster NGC 6441. The Na-0 anticorrelation 
will be studied in details separately, from a more extended 
sample based on Giraffe spectra in NGC 6388. 

In the middle and lower panels of Figure 3] we show 
the Al-Mg anticorrelation and the Na-Al correlation in 
NGC 6388, as compared to the ones in NGC 6441 (symbols 
are the same as in previous panels). Both these features 
are predicted to set up as a consequence of H-burning at 
high temperatures involving the NeNa and MgAl cycles. 
The small spread observed in [Mg/Fe] is not surprising: 
as discussed in Carretta et al. (2004), there is evidence 
suggesting that the MgAl cycle could be less efficient in 
metal- rich clusters like 47 Tuc and M 71. Our findings for 
NGC 6388 and NGC 6441 seem to support this view. 

On the other hand, the spread observed in Al is quite 
robustly established, and it is a clearcut evidence of the 
presence (although limited) of products of proton-captures 
in the MgAl cycle. The fraction of Al-rich and Al-poor 
stars seems to be reversed in NGC 6388 and NGC 6441: 
the former has mostly stars in the first group, whereas the 
majority of stars in NGC 6441 show only a moderate Al- 
enhancement. Admittedly, the statistics is small, but this 
sort of dichotomy in the Na-Al correlation was already no- 
ticed by Carretta (2006; his Fig. 4), using more extended 
samples of RGB stars in several GCs. 

5.2. a— elements 

Abundances of elements from a— processes in stars of 
NGC 6388 are listed in Table [3 

Apart from Ca, the elements ratios of the a— elements 
(Mg, Si, Ti I and n) show a clear overabundance with 
respect to the solar values. For Ca we obtain low abun- 
dances, as in Paper III for NGC 6441; however, as dis- 
cussed in that paper, this value might not be representa- 
tive of the real Ca abundance; it might be an artifact of 
the analysis, due to the rather cool temperature of stars 
analyzed (see Paper III). 

The difference for abundances of Ti derived from neu- 
tral and singly ionized lines (the latter not available in 
NGC 6441 where we restricted the analysis to lines mea- 
sured in the redder part of the UVES spectra) allows us to 
further check the reliability of the adopted parameters. On 



average, we found that [Ti/Fe]ii-[Ti/Fe]i= -0.07 with 
a = 0.16 dex. This slight difference is not significant, sup- 
porting the goodness of the analysis. 

An extensive set of abundances of a— elements ob- 
tained with an homogeneous and self consistent proce- 
dure permits to check the scenario where dense objects 
may retain the ejecta of core collapse supernovae and 
maintain an independent chemical evolution resulting in 
self-enrichment. At present we have available a compari- 
son set made of i) field stars analyzed by Gratton et al. 
(2003b) with the same line parameters and solar reference 
abundances used in the present series; ii) the field, pre- 
sumably bulge, stars analyzed in Paper III; iii) a thick 
disk globular cluster (47 Tuc, [Fc/H]= -0.67 dex), stud- 
ied with the same approach by Carretta et al. (2004); 
iv) two moderately metal-rich bulge clusters (NGC 6388 
and NGC 6441, [Fe/H]= -0.44 and -0.43 dex, respec- 
tively from the present work and Paper III); v) and fi- 
nally two bulge clusters at metallicity near or above solar 
(NGC 6528, [Fe/H]=+0.07 dex, from Carretta et al. 2001, 
and NGC 6553, [Fe/H]= -0.16 dex, from Cohen et al. 
1999, as revised in Carretta et al. 2001). For the two lat- 
ter clusters, the a— element ratios of the original papers 
were corrected here for the different solar reference abun- 
dances adopted. 

The metallicity range spanned by these clusters is the 
best suited for this test, since studies of field stars show 
that a significant contribution by type la SNe is noticeable 
already at [Fe/H]~ —1 dex, lowering the [a/Fe] ratio. We 
could then expect that for metallicities larger than this 
limit, GCs present an higher a-element content if some 
degree of self-enrichment does exist (see also discussion 
and references in Carretta et al. 2004). 

A hint that this is what's really happening seems to 
come from Figure [5j where we superimposed the average 
abundance ratios of all analyzed a-elements in these GCs 
to field stars. The average ratio [(Mg+Si+Ca+Ti)/Fe] is 
also shown in the bottom-right panel. More observations 
are needed to firmly decide whether a real difference does 
exist; however, the impression is that for several elements 
(Si, Ti I and n and for the average < a >) the position 
of the GCs is near the upper envelope of the field dis- 
tribution. Moreover, the differences between clusters and 
field stars seem to increase as the metallicity increases (see 
the behavior of NGC 6553 and NGC 6528). This is what 
we expect if the efficiency of clusters in retaining ejecta 
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Table 7. Abundances of a-capture elements in stars of NGC 6388. n is the number of lines used in the analysis. 
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rms 






(dex) 






(dex) 
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4 
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0.12 


14 
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0.26 


15 
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0.16 
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Table 9. Abundances of the Fe-group elements Co and 
Ni in stars of NGC 6388. 
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[Co/Fe]l 


rms 


n 


[Ni/Fc]l 


rms 








(dex) 
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0.24 


24 


+0.03 


0.22 




83168 
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+0.03 


0.17 


30 
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0.22 
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101131 
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+0.07 
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27 


+0.01 
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108176 
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Fig. 5. Overabundance of a— elements and of the av- 
erage Mg+Si+Ca+Ti as a function of the metallic- 
ity [Fe/H]. Open squares are field stars from Gratton 
et al. (2003b); green triangles are field (bulge) stars 
from Gratton et al. (2006). Big filled circles are metal- 
rich clusters, located according to their mctallicity: 
[Fe/H]= -0.67, -0.44, -0.43, -0.16, +0.07 dex for 47 Tuc, 
NGC 6388, NGC 6441 (in red), NGC 6553 and NGC 6528 
(in blue), respectively. 



of core-collapse SNe is approximatively constant, whereas 
the increased contribution of type la SNe is decreasing 
more and more the [a/Fe] ratio in the less dense field en- 
vironment. 



5.3. Fe-group elements 

Abundances of elements of the Fe-group are reported in 
Tables|S]and 03 We measured lines of Sc II, V I, Cr I, Mn I, 
Co I and Ni I. Corrections due to the hyperfine structure 
were applied in the relevant cases (Sc, V, Mn, Co; see 
Gratton et al. 2003a for details). 

In general, Fe-group elements are clustered around the 
solar abundance ratio [El/Fe]~ 0.0 dex. The overall pat- 



tern of these elements seems to be shared by all bulge clus- 
ters analyzed by us (see Table [T2"]) and also by the globular 
cluster Terzan 7, likely to belong to the Sgr dwarf galaxy 
and used in Paper III as a comparison. Abundance ratios 
for the iron group elements in this cluster are taken from 
Tautvaisiene et al. (2004) and they agree with the solar 
ratios. 

Special attention is deserved by Mn, the only Fe-peak 
element (with copper) clearly showing an abundance defi- 
ciency. The nucleosynthetic situation for this odd Fe-group 
element is still unclear; the most commonly accepted hy- 
pothesis to explain the observed pattern of [Mn/Fe] vs 
[Fe/H] (see Carretta et al. 2004 and Sobeck et al. 2006 for 
a summary of recent data and detailed discussions) can 
be briefly summarized as follows: (i) the fraction of Mn 
contributed to the interstellar medium by SNe la is larger 
than the fraction produced by SNe II (Gratton 1989) or 
(ii) the Mn yields from SNe II are metallicity-dependent 
(Arnett 1971). Without entering this long standing de- 
bate, we may try to locate the positions of the two pe- 
culiar bulge cluster NGC 6388 and NGC 6441 by using a 
limited but very homogeneous set of data. 

In Figure [6] (upper panel) we plot abundance ratios 
[Mn/Fe] for field stars from Gratton et al. (2003b); to ex- 
tend the comparison into the metal-poor and metal rich 
domains, we employed studies of McWilliam et al. (1995), 
Ryan et al. (1996), Feltzing and Gustafsson (1998) and 
Reddy et al. (2003). As a reference sample of bulge field 
stars we added the stars analyzed by McWilliam et al. 
(2003) and by Gratton et al. in Paper III. We made no 
attempt to normalize all the results to a common scale; 
however, there are no pronounced offsets between litera- 
ture sources and the sample by Gratton et al. (2003b), 
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Table 8. Abundances of Fe-group elements in stars of NGC 6388. 



Star 


n 


[Sc/Fe]ll 
(dex) 


rms 


n 


[V/Fe]l 
(dex) 


rms 


n 


[Cr/Fe]l 
(dex) 


rms 


n 


[Mn/Fc]l 
(dex) 


rms 


77599 


3 
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0.22 


8 


+0.24 


0.21 


12 


+0.04 
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Fig. 6. Upper panel: [Mn/Fe] ratio as a function of the 
metallicity [Fe/H]. Large filled circles are GCs analyzed 
homogeneously by our group plus Ter 7 (Tautvaisiene et 
al. 2004, at [Fe/H]=-0.61). In order of increasing [Fe/H] 
values our GCs are: NGC 6397, NGC 6752, NGC 2808, 
47 Tuc, NGC 6388, NGC 6441 and NGC 6528; refer- 
ences are given in the text. Error bars for GCs represent 
the rms scatter about the average. The field stars used 
as reference are from the following sources: small filled 
squares, Gratton et al. (2003b); small open squares, ex- 
tremely metal-poor stars ([Fe/H]< —2) from Mc William 
et al. (1995) and Ryan et al. (1996), and metal-rich 
([Fe/H]> — 0.5) disk stars from Feltzing & Gustafsson 
(1996) and Reddy et al. (2003); large filled (blue) squares, 
bulge stars from Mc William et al. (2003); filled (green) tri- 
angles, bulge stars from Gratton et al. (2006, Paper III). 
Lower panel: the same GCs, but compared to the homo- 
geneous re-analysis of field stars by Sobeck et al. (2006). 

analyzed with procedures very similar to the one adopted 
in the present series. This makes us confident about the 
self-consistency of the dataset of field comparison stars. 

We restrict the sample of GCs to those spanning the 
whole range of metallicity typical of Galactic globular clus- 



ters, but all studied by our group with an extremely ho- 
mogeneous analysis (procedures, packages, atomic param- 
eters). In Figure [6] (upper panel) we plot the average val- 
ues (in order of increasing [Fe/H]) for the globular cluster: 
NGC 6397 and NGC 6752 (Carretta & Gratton 2006, in 
prep.); NGC 2808 (Carretta 2006); 47 Tuc (Carretta et al. 
2004); NGC 6388 (present work); NGC 6441 (Paper III) 
and NGC 6528 (Carretta et al. 2001). Again, we corrected 
the values for NGC 6528 to take into account the different 
solar abundances used in that work. Finally, as a repre- 
sentative of a likely accreted component, we added the 
values for Terzan 7 ([Fe/H]= -0.61, [Mn/Fc]=0.0) from 
Tautvaisiene et al. (2004). 

From this comparison we can see that metal-poor clus- 
ters ([Fe/H]< —0.7) are in very good agreement with the 
more or less constant plateau at [Mn/Fe]^ —0.3 -. — 0.4 
dex as defined by field stars, including the metal-poor 
bulge component studied by Mc William et al. (2003). 
However, for larger metallicities, there is a hint that Mn 
abundances in cluster and field stars may not vary in 
lockstep. In particular, NGC 6388 and NGC 6528 show 
an underabundance of Mn increasingly deviating with re- 
spect to field stars. On the other hand, in NGC 6441 the 
[Mn/Fe] ratio is about 0.2 dex above the mean [Mn/Fc] 
value of field stars of similar metallicity. We note that 
NGC 6388 and NGC 6528 seem to continue the plateau 
at constant [Mn/Fe] up to solar metal abundance. The 
pattern shown by NGC 6441 is more similar to that 
found in the Sagittarius cluster Ter 7; it is however 
not clear if this could indicate also a similar (indepen- 
dent) chemical evolution, since the average value found 
by Tautvaisiene et al. (2004) in Ter 7 for the a-elements is 
[a/Fe]= +0.08 ± 0.04 dex, about 0.2 dex below the mean 
value found in NGC 6441 (and NGC 6388). Moreover, 
some offsets might exist, because we do not know what 
solar reference abundances were used for Ter 7. 

To limit the importance of possible offsets among dif- 
ferent data sets, in Figure[6] (lower panel) we plot the same 
sample of GCs, but compared to the most recent, com- 
plete and homogeneous re-analysis of Mn abundances in 
field stars (mostly in the metallicity range —2.5 <[Fe/H]< 
—0.7) by Sobeck et al. (2006). We applied to their data a 
small offset (+0.07 dex) to take into account differences 
in solar reference abundances. In this analysis the pat- 
tern of underabundant [Mn/Fe] ratios extends up to solar 
metallicity, and all GCs have on average very similar Mn 
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abundances, except for Ter 7 and NGC 6441. If we exclude 
these two objects, globular clusters have a mean value of 
[Mn/Fc]= —0.31 dex (rms=0.07 dex, 6 clusters) which is 
virtually the same within the uncertainties of the aver- 
age value of field stars ([Mn/Fc]= -0.29 dex, rms=0.08 
dex, when using our adopted solar abundances). This re- 
sults strongly supports the finding of Sobeck et al. (2006) 
about the invariance of the relative contribution to the 
two populations from core collapse supernovae. 

On the other hand, both NGC 6441 and Ter 7 stand 
well off from this average Mn value, by more than 5ct the 
first and more than 4cr the second. As discussed in Paper 
III, the almost solar ratio Mn/Fc found in NGC 6441 
might indicate a different chemical history, maybe in in- 
dependent system lately accreted in the Galaxy. However, 
things are not so simple, because also Ter 7, a cluster 
supposedly attributed to the Sgr dwarf galaxy, shows a 
solar [Mn/Fe] ratio. This last result does contrast with 
the Mn content found by McWilliam et al. (2003) to be 
underabundant in metal-rich stars of the same Sgr dwarf 
spheroidal galaxy. 

Further insight in this metallicity regime is required 
to clarify the run and the nucleosynthetic history of Mn, 
together with informations to accurately disentangle the 
mix of stellar populations (thin disk, bulge and likely ac- 
creted stars) in this range of [Fc/H]. 

5.4. Neutron-capture elements 

Finally, the abundances of elements produced by neutron- 
capture reactions are listed in Table \W\ and Table [TTJ In 
stars of NGC 6388 we measured: the light s— process ele- 
ments Y I, Zr I and n of the first neutron peak, the heavier 
s— process species Ba II, La n and Ce n, belonging to the 
second neutron peak, and the element Eu n, the classical 
surrogate for r— process nucleosynthesis. 

The importance of a-elements stay in understanding 
the relative weight of the nucleosynthesis contributions 
from core-collapse SNe and lower mass SNe la in binary 
systems with longer lifetimes. This is mirrored by the rel- 
evance of the abundance ratios of n-capture elements to 
disentangle the contributions and possible metallicity de- 
pendences in yields from massive stars with respect to 
intermediate mass stars. In fact, r— process elements are 
predominantly produced in the last phases of the life of 
high mass stars (together with the weak componente of 
s— elements), whereas the quiescent He burning in low and 
intermediate-mass stars is chiefly responsible for produc- 
ing elements from the main s— process component. 

In particular, the analysis of n-capture elements can 
offers key observational constraints about model of for- 
mation and early evolution of GCs. James et al. (2004) 
performed the most extensive study of n-capture elements 
in unevolved cluster stars, coupling their results to data 
collected from literature, to discuss the possible scenario 
for self-enrichment models in GCs. However, their data 
reached only [Fe/H]~ —0.7 (47 Tuc) and more metal-rich 



clusters are needed to explore the classical self-enrichment 
scenario (e.g. Cayrel 1986), following the suggestion by 
Truran (1988). As already discussed in the Sect. 5.2, at 
nearly solar metallicities should be enhanced the contrast 
between two possible, competing patterns of abundance: 
(i) the one imprinted by self-enrichment phenomena in old 
objects like the GCs, reflecting mainly the nucleosynthetic 
contribution from high mass stars only, and (ii) the cumu- 
lative effects of chemical enrichment from several stellar 
generations, increasingly dominated by yields from long 
lived, less massive progenitors, whose net effect is to lower 
the pristine abundance ratios typical of low metal deficient 
stars. 

The analysis of NGC 6388 is particularly important, as 
it is one of the most metal-rich globular clusters known in 
our Galaxy. Thus it can be a very powerful complement to 
the work of James et al. (2004) to test the self-enrichment 
scenario, as suggested by Truran (1988). 

In typical self-enrichment scenarii (Cayrel 1986; 
Truran 1991), but also in more recent developments 
(e.g. Thoul et al. 2002, and other improvements in the 
Evaporation/Accretion/Self-Enrichment EASE scenario), 
globular cluster stars are formed in a way that is similar 
to very old and metal-poor halo field stars, and should 
consequently show a clear r-process dominated origin for 
their heavy elements (e.g. [Ba/Eu] ratios close to a pure 
r-process only value, see discussion in James et al. 2004). 
This should be true also for the most metal-rich globu- 
lar clusters. Among the best suited elements to test these 
scenarios are those formed by neutron-capture reactions. 

In Figure[7]we show as a function of metallicity the run 
of Ba and Eu abundances as typical elements produced 
by s— and r— process. We restricted again the sample of 
GCs (large filled circles) mainly to those analyzed by us 
(plus Ter 7 from Tautvaisiene et al. 2004 as an example 
of accreted object). As reference field stars we plot data 
from the extensive compilation by Venn et al. (2004; small 
empty squares), from the self-consistent analysis of field 
stars by James et al. (2004; not included in the compilation 
by Venn et al.; filled squares) and from Paper III (putative 
bulge field stars, filled triangles). For clusters analyzed 
in James et al. (2004) we adopted the weighted mean of 
values obtained from subgiants and turn-off stars for all 
elements. 

Eu is a probe of almost pure r— process nucleosynthesis 
at any metal-abundance and the lower panel of Figure [7] 
strongly supports the common origin of elements from a 
and rapid neutron capture in the same stellar environment 
(the death of high mass stars). As for [a/Fe] ratios, the 
resulting pattern of [Eu/Fe] is a flat plateau dominated by 
r— process contribution at low metallicity ([Fe/H]< —1) 
with a well defined knee when the contribution of Fe from 
type la SNe becomes increasingly overwhelming. 

Two features must be noted in this diagram. The first 
is that for GCs the [Eu/Fe] values show a quite small 
dispersion, the average ratio being [Eu/Fe]=+0.37 with 
(7 = 0. 14 dex. The value for 47 Tuc seems a bit lower: ex- 
cluding this cluster we would obtain [Eu/Fc]=+0.42 with 
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Fig. 7. Upper panel: [Ba/Fe] ratio as a function of the 
metallicity [Fe/H]. Large filled circles (in order of increas- 
ing metallicity) are GCs analyzed by James et al. (2004; 
NGC 6397, NGC 6752 and 47 Tuc), Tautvaisiene et al. 
(2004; Ter 7 at [Fe/Hj=-0.61), this work (NGC 6388), 
Gratton et al. (2006, Paper III; NGC 6441) and Carretta 
et al. (2001; NGC 6528). Error bars for GCs represent 
the rms scatter about the average. The field stars used 
as reference are from the following sources: Venn et al. 
(2004; small empty squares), James et al. (2004; large 
filled squares) and Gratton et al. (2006; large filled tri- 
angles). Lower panel: the same but for the [Eu/Fe] ratio 
as a function of [Fc/H]. In this panel NGC 6528, with no 
Eu measurements, is missing. 




[Fe/H] 



Fig. 8. Relative strengths of the r— process and s— process 
as a function of metal abundance in Galactic globular 
clusters and field stars. In the upper panel the pure 
i — process element Eu is plotted relatively to Ba (81% 
from s— process in the Sun, Arlandini et al. 1999), sam- 
pling the second neutron peak. The dotted line mark the 
total r + s solar system ratio; the dashed line represents 
the solar r— process only ratio [Eu/Ba]( r _ OJi (. y ) = +0.70 
(Arlandini et al. 1999). In the lower panel Y (belonging 
to the first peak) is used as s— process reference element 
(74% in the Sun, Travaglio et al. 2004). Data and symbols 
for GCs and field stars are as in the previous Figure, apart 
from NGC 6528, where Eu was not measured, and Ter 7, 
with no measurements for Y. 



a = 0.09 dex. There seems to be no selection bias involved 
in this result: from a larger sample of 20 clusters in litera- 
ture Gratton et al. (2004) obtained a mean value of +0.40 
dex (a = 0.13). This results extends the findings by James 
et al. (2004) up to the high metallicity of NGC 6388 and 
NGC 6441: the [Eu/Fe] ratios are very similar for GCs 
of any metal abundance. The bottom line is that these 
Eu abundances were already established in the interstel- 
lar medium (ISM) at the epoch when most globular clus- 
ters formed. The second point to notice is that GCs follow 
rather well the pattern of field stars, but only up to the 
metallicity of 47 Tuc. Apparently, for higher [Fe/H] values 
the [Eu/Fe] ratios still run flat for GCs, whereas the ratio 
in field stars is progressively decreased by the cumulative 
effect of injection in the ISM of yields from type la SNe. 
This is not due to a bias in stellar population (disk ver- 
sus bulge): in this plot both NGC 6388 and NGC 6441 
have a ratio about 0.2 dex higher than the average value 
of the putative bulge field stars analyzed in Paper III. As 
discussed in that work, this could indicate a larger con- 
tribution by core collapse SNe. Another explanation may 



be a higher efficiency to retain ejecta of massive stars in 
strongly bound GCs: this is supported by the fact that the 
more loose galactic open clusters seem to follow rather well 
the pattern of [Eu/Fe] versus [Fe/H] defined by field stars 
(see Fig. 6 in Gratton et al. 2004). 

The larger dispersion of the [Ba/Fe] ratio as a function 
of the metallicity (upper panel of Figure U} reflects the 
more complex nucleosynthetic history of Ba. As remarked 
in James et al. (2004), in general the [Ba/Fe] ratio in GCs 
seems to follow the progressive enrichment signature found 
in halo and disk field stars. This led to the conclusion that 
GCs have been uniformely enriched in neutron capture 
elements not only by the r— process, but also by s— process 
nucleosynthesis. 

In Figure [8] the relative weight of elements from r— 
and s— processes is examined for our subsample of GCs 
and the reference field stars (the same as in Figure [7]) . 
This is done by using the abundance ratios of Eu (a pure 
i — process element) relatively to Y and Ba surrogates for 
s— process elements in the first and second neutron peak. 
At low metallicities the dominance from r— process nu- 



E. Carretta et al.: Chemical composition of NGC 6388 



15 



cleosynthesis is evident in metal-poor stars as well as in 
clusters. Low metallicity GCs like NGC 6397 (James et 
al. 2004), but also M 15 and M 92 (Sneden et al. 19997, 
2000) have abundances of neutron-capture elements well 
matched by a scaled solar system pure r— process abun- 
dance distribution ( [Eu/Ba] ( r _ OJl ;j,) = +0.70, Arlandini et 
al. 1999). As the metallicity increases, field and GCs show 
ratios [r/s] in rough agreement, although the scatter in 
[Eu/Ba] is much larger than for [Eu/Fe] or even the simi- 
lar ratio [Eu/Y]. 

Both panels in Figure [8] show the typical run of de- 
creasing ratios due to progressive enrichment of elements 
(such as Ba and Y) forged within intermediate mass 
stars with longer evolutionary timescales for the release 
of yields: a roughly flat plateau followed by a decrease ap- 
proaching solar metallicity (see also analogous Figures in 
Pritzl et al. 2005). This is more evident in the lower panel, 
where the scatter is reduced; the larger dispersion in the 
[Eu/Ba] ratios may be due to different assumptions in the 
treatment of the hyperfine and isotopic splitting and/or 
to the corrections for departures from LTE adopted in 
different studies. 

The [Eu/Ba] ratios in the metal-rich bulge clusters 
NGC 6388 and NGC 6441 are the same within the associ- 
ated uncertainties in the analysis (see Table fT2|l and follow 
the trend defined by field stars with the same metallicity. 
On the other hand, [Eu/Y] ratios in these GCs seem to be 
a factor 2 larger than the average value for disk field stars, 
although still compatible within the (rather large) asso- 
ciated error bars. These ratios are very similar to those 
of field and GCs at low metallicities, which would sug- 
gest a r— process dominated nucleosynthesis, with lack of 
strong contributions from s— elements produced in AGB 
stars. In comparison, also the field bulge stars (Paper III) 
show a higher [Eu/Y] ratio, similar to the one derived in 
NGC 6388 and NGC 6441. It is interesting to note that 
light s— elements like Y do not follow always the pattern 
of the heavier neutron capture elements (e.g. Burris et 
al. 2000); indeed they may also be produced by an addi- 
tional source (weak s— process component) in the He-core 
burning phase of massive stars (see Travaglio et al. 2004) . 
Again, this would be evidence of a larger contribution from 
massive stars nucleosynthesis in bulge stellar populations. 

The abundance distribution of neutron capture abun- 
dance ratios in these two metal-rich clusters seems to be 
far away from the pure r— process ratio and this evidence 
casts severe limitations to a scenario of primordial pure 
self-enrichment only. The scenario for the formation and 
early evolution of globular clusters is more complicate. 

5.5. Comparison with literature 

To our knowledge, the only analysis of detailed elemen- 
tal abundances in NGC 6388 has been presented by 
Wallerstein et al. (2005). They used the 4m Blanco tele- 
scope at CTIO and observed 8 stars at R=35000 and 
high S/N (70 to 100). Their targets are much nearer the 



RGB tip than our sample (V=14.84 to 15.10 as com- 
pared to V=15.25 to 15.79). They obtained an average 
[Fe/H]~ —0.8 and derived abundances for O and C (found 
undcrabundant in comparison to most stars of similar 
metallicity, at [0/Fc]~ -0.1 [C/Fe]~ -0.6), Na and Al 
(slightly overabundant at [Na/Fe]~ +0.3, [Al/Fe]~ +0.3), 
the a-elements Mg, Si, Ca, Ti (defined about normal, with 
[a/Fe]~ +0.15), and finally the s-process elements Ba, La 
and the r-process one Ba showing small, normal excesses. 

These results were presented so far only at a confer- 
ence and we miss details on the analysis. However, as the 
referee pointed out, there may be some inconsistencies in 
their analysis, that would shed doubts on the complete re- 
liability of their results. In particular, when corrected for 
the average cluster reddening, the magnitudes and colours 
of the 8 stars appear to be matched by a [Fe/H]=— 0.4 
isochrone better than by a [Fe/H]=— 0.8 one. That im- 
plies a discrepancy both for temperatures and gravities 
and a lower Fe abundance, i.e., altered elemental ratios. 
We will not further discuss this analysis, awaiting for a 
more complete presentation. 

6. Summary 

This is the first paper on the detailed chemical compo- 
sition of the peculiar bulge cluster NGC 6388, based on 
the analysis of high resolution UVES/FLAMES spectra of 
seven RGB stars. From these stars (all cluster members) 
we find an average value [Fe/H]= -0.44 + 0.01 ± 0.03 dex 
with no evidence of intrinsic spread in metallicity in this 
cluster. We also obtained the detailed abundance pattern 
for proton-capture elements (O, Na, Al, Mg), a— elements 
(Si, Ca, Ti), Fe-peak elements (Sc, V, Cr, Mn, Co, Ni) and 
neutron capture elements (Y, Zr, Ba, La, Ce, Eu). 

Studying the detailed chemistry of stars in such an old 
and moderately metal-rich object opens to us a powerful 
window over the various kind of nucleosynthetic sites that 
contribute to the formation and chemical enrichment of 
globular clusters, allowing to isolate and study the yields 
provided by stars in different ranges of masses and life- 
times. 

The role of stars in the mass range 1 < M < 3 — 5Af Q 
is recognized from the abundances of s— process elements 
like Ba, La, Ce: models for chemical evolution in GCs 
must necessarily include nucleosynthesis from AGB stars 
in this mass range. However, within each single cluster 
the s— process elements are homogeneusly distributed (see 
James et al. 2004, Armosky et al. 1994): also in NGC 6388 
(and NGC 6441) the observed scatter is nearly equal to 
or smaller than the spread expected from observational 
errors. 

These stars are not the same stars whose lifes and 
products affect the pattern of proton-capture elements 
involved in H-burning at high temperatures (O, Na, Al, 
Mg). The well known anti-correlation Na-0 and Al-Mg 
established in NeNa and MgAl cycles (and also found 
in NGC 6388) are not mirrored by similar variations in 
s— process elements. The clear implication is that the 
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Table 10. Abundances of neutron-capture elements in stars of NGC 6388. 



Star 


n 


[Y/Fe]l 


rms 


n 


[Zr/Fe]i 


rms 


n 


[Zr/Fc]n 


rms n 


[Ba/Fe]i 


rms 






(dex) 






(dex) 






(dex) 




(dex) 




77599 


2 


-0.15 


0.20 


6 


-0.12 


0.22 


1 


-0.18 


3 


+0.13 


0.07 


83168 


2 


-0.27 


0.12 


6 


-0.21 


0.22 


1 


-0.03 


3 


+0.19 


0.17 


101131 


2 


-0.07 


0.03 


6 


-0.15 


0.28 


1 


-0.05 


3 


+0.42 


0.15 


108176 


2 


+0.10 


0.13 


6 


-0.02 


0.33 


1 


-0.23 


3 


+0.15 


0.14 


108895 


2 


-0.40 


0.10 


6 


-0.35 


0.17 


1 


-0.50 


3 


+0.10 


0.10 


110677 


2 


-0.34 


0.10 


6 


-0.27 


0.27 


1 


-0.07 


3 


+0.18 


0.11 


111408 


2 


+0.01 


0.20 


6 


-0.04 


0.26 


1 


-0.33 


3 


+0.29 


0.13 



Table 11. Abundances of other neutron-capture elements in stars of NGC 6388. 



Star 


n 


[La/Fc]ll 
(dex) 


rms 


n 


[Ce/Fe]n 
(dex) 


rms 


n 


[Eu/Fc]i 
(dex) 


rms 


77599 


3 


+0.44 


0.23 


1 


-0.18 




2 


+0.35 


0.29 


83168 


3 


+0.43 


0.14 


2 


-0.08 


0.31 


2 


+0.34 


0.12 


101131 


3 


+0.44 


0.05 


2 


-0.09 


0.26 


2 


+0.21 


0.15 


108176 


2 


+0.41 


0.23 


2 


-0.37 


0.35 


2 


+0.15 


0.06 


108895 


2 


+0.17 


0.14 


1 


-0.38 




2 


+0.34 


0.15 


110677 


3 


+0.33 


0.12 


1 


-0.49 




2 


+0.28 


0.15 


111408 


3 


+0.28 


0.24 


1 


-0.28 




2 


+0.36 


0.19 



Table 12. Mean abundance ratios for RGB stars in the bulge clusters NGC 6388, NGC 6441, NGC 6528, NGC 6553 
and in the Sgr cluster Tcrzan 7. Whenever possible, values are referred to our solar reference abundances. 



Ratio 


Mean 


a 


Mean 


a 


Mean 


a 


Mean 


a 


Mean 


a 


Mean 


a 




NGC 




NGC 




NGC 




NGC 




Ter 7 




Ter 7 






6388 




6441 




6528 




6553 














(1) 


(1) 


(2) 


(2) 


(3) 


(3) 


(4) 


(4) 


(5) 


(5) 


(6) 


(6) 


[0/Fe]I 


-0.30 


0.16 


+0.12 


0.20 


-0.05 


0.14 


+0.38 


0.13 


+0.24 


0.05 






[Na/Fe]I 


+0.59 


0.16 


+0.55 


0.15 


+0.56 


0.14 






-0.14 


0.10 






[Mg/Fe]I 


+0.21 


0.07 


+0.34 


0.09 


+0.29 


0.11 


+0.56 


0.10 


+0.14 


0.06 


+0.08 


0.07 


[Al/Fe]I 


+0.69 


0.24 


+0.30 


0.15 










-0.13 


0.04 






[Si/Fe]I 


+0.32 


0.10 


+0.33 


0.11 


+0.41 


0.09 


+0.19 


0.18 


+0.00 


0.01 


+0.13 


0.09 


[Ca/Fe]I 


+0.06 


0.06 


+0.03 


0.04 


+0.16 


0.06 


+0.19 


0.09 


+0.06 


0.03 


+0.13 


0.14 


[Sc/Fe]II 


+0.05 


0.06 


+0.15 


0.15 


-0.17 


0.10 


-0.24 


0.18 


-0.06 


0.06 






[Ti/Fe]I 


+0.37 


0.10 


+0.29 


0.10 


+0.05 


0.08 


+0.21 


0.06 


+0.13 


0.03 


+0.12 


0.07 


[Ti/Fe]II 


+0.30 


0.12 


+0.33 


0.14 










+0.11 


0.02 






[V/Fe]I 


+0.39 


0.10 


+0.29 


0.14 


-0.14 


0.09 






+0.11 


0.07 






[Cr/Fe]I 


-0.04 


0.11 


+0.15 


0.18 


-0.01 


0.05 


+0.03 


0.09 


+0.02 


0.03 






[Mn/Fe]I 


-0.25 


0.02 


+0.07 


0.09 


-0.28 


0.07 






+0.00 


0.05 






[Fe/H]I 


-0.44 


0.04 


-0.43 


0.06 


+0.03 


0.02 


-0.20 


0.08 


-0.61 


0.04 


-0.63 


0.07 


[Fe/H]II 


-0.37 


0.09 


-0.42 


0.24 


+0.08 


0.02 


-0.23 


0.10 


-0.61 


0.04 


-0.58 


0.05 


[Co/Fe]I 


+0.04 


0.07 


+0.14 


0.07 










+0.01 


0.08 






[Ni/Fe]I 


+0.03 


0.03 


+0.13 


0.07 


+0.11 


0.05 


+0.02 


0.07 


-0.11 


0.02 


-0.19 


0.05 


[Y/Fe]I 


-0.16 


0.19 


-0.05 


0.24 


















[Zr/Fe]I 


-0.16 


0.12 


-0.40 


0.19 










-0.07 


0.07 






[Zr/Fe]II 


-0.20 


0.17 






















[Ba/Fe]II 


+0.21 


0.10 


+0.17 


0.13 


+0.17 


0.08 






+0.33 


0.09 






[La/Fe]II 


+0.36 


0.10 














+0.42 


0.15 






[Ce/Fe]II 


-0.27 


0.16 














+0.22 


0.07 






[Eu/Fe]II 


+0.29 


0.08 


+0.38 


0.11 










+0.53 


0.05 







(1) present work, solar reference abundances from Gratton et al. (2003a) 

(2) from Tab. 8 of Gratton et al. (Paper III), solar reference abundances from Gratton et al. (2003a) 

(3) from Carretta et al. (2001), after correction to present solar reference abundances 

(4) from Cohen et al. (1999), after correction to present solar reference abundances 

(5) from Tautvaisiene et al. (2004), with unknown solar reference abundances 

(6) from Sbordone et al. (2005), after correction to present solar reference abundances 
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abundance anomalies are generated in stars of another 
(more large) mass range, likely intermediate mass AGB 
stars (4-8 M©). 

We found in stars in NGC 6388 (as well as in the twin 
cluster NGC 6441) an excess of a— process elements with 
respect to field disk and bulge stars of similar metallicity, 
hint of a better capability to retain ejecta of massive stars 
ending their life as core-collapse supernovae. The same ev- 
idence is supported by another element typically produced 
in massive stars environment: the pure r— process neutron 
capture element Eu. The [Eu/Fc] ratios of NGC 6388 and 
NGC 6441 stand above the ratios found in field stars and 
are rather similar to the value shown by low metallicity 
stars (both in the field and in GCs). In the same way, the 
high [Eu/Y] values for these two bulge clusters seem to 
be indicative of a dominance from r— process with small 
contribution from the s~ process (at least from the main 
component). 

In conclusion, it is still not easy to reconcile all the 
observational facts into a coherent picture on how glob- 
ular cluster formed and were enriched. We have at hand 
contrasting evidences that the enrichment process is not 
compatible with a pure self-enrichment scenario and, on 
the other hand, the metal-rich GCs present proofs of en- 
hanced efficiency in retain ejecta from the massive SNe II 
with respect to field stars or looser open clusters. More 
works, both on the theoretical and observational fronts, 
are needed before a definitive conclusion might be reached. 
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